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Lubricated wearThis work studies the performance of three phosphonium-based ionic liquids ([P6,6,6,14][BEHP], [P6,6,6,14]
[TCM] and [P6,6,6,14][DEC]) when used separately as additives on the thermal conductivity, thermal stabil-
ity and tribological properties of two non-additised greases (a lithium-based and a calcium-based
grease). The main results confirmed that the [P6,6,6,14][TCM] improved the thermal stability of both
greases. Only the mixtures G1 + 5%[P6,6,6,14][BEHP] and G2 + 5%[P6,6,6,14][TCM] showed a slight increase
in thermal conductivity. In general, the addition of the ILs to the lithium-based grease increased the fric-
tion coefficient in both the four-ball tests and the reciprocating tests, while the friction coefficient
decreased with the addition of the ILs to the calcium-based grease in the four-ball tests. The addition
of the [P6,6,6,14][BEHP] and [P6,6,6,14][TCM] improved the antiwear behavior of the lithium-based grease
under both tribological tests, whereas all the ionic liquids worsened the antiwear behavior of the
calcium-based grease in the four-ball tests. The [P6,6,6,14][BEHP] had the best antiwear behavior due to
the higher interaction of phosphorous with the metal surface. A possible interference of the calcium
thickener with the ionic liquid–metal surface interaction was found, resulting in lower antiwear behavior
of the mixtures with the calcium-based grease.
 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Ionic liquids (ILs) have excellent characteristics that are impor-
tant in a high-performance lubricant, such as high thermo-
oxidative stability, ashless character, polarity, non-flammability
and non-volatility. For this reason, these salts have been studied
in the field of lubrication since 2001 [1–4]. The polarity and reac-
tivity of ILs promote the formation of tribolayers by adsorption
on the metal surfaces and lead to a reduction in friction and/or
wear [5–7]. Due to the inherent polarity of the ILs, they are immis-
cible in non-polar hydrocarbon oils (Groups I, II and III) and there-
fore, most researchers have studied the behavior of ILs as additives
in non-polar hydrocarbon oils as oil-IL emulsions [8,9] or using the
ILs at very low concentrations (1 wt%) [10,11]. On the contrary,
ILs have better compatibility with polar oils (e.g. esters, PEG, glyc-
erol, etc.) [12–14]. Despite this, a new family of ILs with improved
miscibility properties in non-polar hydrocarbon oils (mineral oilsand PAOs) was found [15]. These ILs are based on quaternary phos-
phonium cations and the number of studies into their use as lubri-
cant additives have increased in recent years, due to the above-
mentioned improved miscibility [16–22]. The miscibility of the
phosphonium-based IL in non-polar oils was related to a cation
size with alkyl chains from 6 carbons onwards and a total of car-
bons above 30 [18]. In general, the use of these phosphonium-
based ILs as additives reduced friction and/or wear in both recipro-
cating and continuous motion.
Since 2010, the use of ILs as additives in greases has been the
focus of many research groups. Most of these used synthetic oils
(PAOs and PAG) as the base oil for the grease formulation, and
the ILs used as additives in concentrations between 0.1 and
10 wt% were mainly based on imidazolium- and phosphonium-
cations (Table 1). Cai et al. [23,24] used some ILs based on the imi-
dazolium cation combined with hexafluorophosphate, tetrafluo-
roborate and bis(trifluoromethanesulfonyl)-imide anions as
additives at 1 and 2 wt% in a polyurea-based grease. All the IL-
containing greases promoted a considerable reduction in both fric-

































PILs protic ionic liquids
DTCs dialkyldithiocarbamates
Table 1
Ionic liquids used as additives in greases (2010–2021).
Ionic liquids Conc. (wt.%) Greases Ref.
Cation Anion Base oil Thickener
[BMIM]+ [PF6]- 1 N.P. Polyurea [23]
[HMIM] + [PF6] -
[OMIM] + [PF6] -
[DMIM] + [PF6] -
[HMIM] + [BF4]-





0.1, 0.2, 0.3, 0.4 N.P. Polyurea [25]
3 compounds containing both PILs
and DTCs groups
1, 2, 3, 4, 5 PAO 40 Lithium complex [26]





[C2OHMim] + [NTf2]- 1, 2 N.P. Calcium sulfonate [28]
[C2OHHim] +
[EMIM] + [PF6]- 8 PAG PTFE [29]
[P8,8,8,14] + [BEHP]- 5 PAO 10 Lithium complex [30]
[P8,8,8,14] + [AOT]-
[P8,8,8,p] + [DEHP]-
[P8,8,8,14] + [BEHP]- 10 PAO 40 Polyurea [31]
[P8,8,8,10] +
[P8,8,8,1] +










2, 5 Mineral oil Lithium complex
Anhydrous calcium
[34]
N.P. = not provided
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mobility of the ILs at high temperature. Cao et al. [25] found similar
antifriction and antiwear results at room temperature when they
used imidazolium-cation based ILs with hexafluorophosphate
and tetrafluoroborate anions as additives at 0.1–0.4 wt% in a
polyurea-based grease.
Zhao et al. [26] additised a lithium grease with three novel com-
pounds containing both PILs (protic ionic liquids with ammonium
salts) and DTCs (dialkyldithiocarbamates) at concentrations rang-
ing from 1 to 5 wt%, finding that these PILs can improve both fric-2
tion and wear reduction properties in combination with DTCs, the
latter being used as additive (antiwear, extreme pressure, friction
modifier and antioxidant) in lubricant formulation. Wang et al.
[27] also used imidazolium-based ILs as additives at 5 wt% in
attapulgite- and bentonite-based greases. They concluded that
the use of these ILs improved the tribological performance of the
non-additised greases, probably because of the affinity of the thick-
ener and the IL. Qiao et al. [28] studied the use of imidazolium-
based ILs combined with molybdenum dialkyldithiocarbamate
(MoDTC). This combination improved the friction reduction char-
Table 2
Description of the greases.
Designation G1 G2





Base oil viscosity (mm2s1) / 40 C 200 176
Base oil viscosity (mm2s1) / 100 C 14.6 13.6
Worked penetration (1/10 mm) /
60 S
270 277
NLGI grade 2 2
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the antiwear performance was hardly enhanced. Fan et al. [29]
have also shown the tribological improvement (mainly in antiwear
performance) of a grease (prepared from PAG as base fluid and
PTFE as thickener) after additivation with an imidazolium-based IL.
Some phosphonium-based ILs have been used as additives at 2–
10 wt% concentrations in greases prepared from different polyal-
phaolefins as the base oil and propylene, lithium or polyurea as
thickener [30,31,32,33]. In general, the use of these ILs as additive
enhanced the friction and wear reduction properties of the base
greases by forming tribofilms containing iron oxides, iron fluoride
and/or iron phosphate. Traction (friction) in rolling/sliding tests
over a wide range of SRR (slide-to-roll ratio) was also studied for
[P6,6,6,14][BMB]- and [P6,6,6,14][BOB]-containing greases resulting
in lower traction values [33]. The rheological and tribological
behavior of the ionic liquids used in this work ([P6,6,6,14][BEHP],
[P6,6,6,14][TCM] and [P6,6,6,14][DEC]) were reported in a previous
study [34]. The addition of the ILs decreased some rheological
properties of the base grease, such as viscosity and yield stress,
but lowered the coefficient of friction (CoF) in the range of the
entrainment speeds tested.
This work studies the use of three phosphonium ionic liquids as
additives in two greases formulated from a mineral oil as base fluid
and a lithium complex or an anhydrous calcium-soap as thickener.
These (grease + IL) combinations have not been tested before
under the testing conditions used here. The aim of the study is to
find out the influence of these ionic liquids used as additives on
the thermal stability, thermal conductivity and tribological proper-
ties of two lubricant greases.2. Methodology
2.1. Greases and ionic liquids
The two non-additised greases used in this work were kindly
provided by Axel Christiernsson International (Sweden). Table 2
shows the main properties of these greases. They were formulated
using a mineral oil as base oil and the thickener was added atTable 3












8.6 wt% in the lithium complex-based grease (G1) and at 7.6 wt%
in the anhydrous calcium-based grease (G2). IOLITEC GmbH pro-
vided the ionic liquids (Table 3) used as additives at concentrations
of 2 and 5 wt%: trihexyltetradecylphosphonium bis(2-ethylhexyl)
phosphate, [P6,6,6,14][BEHP] (designated as IL1); trihexyltetrade-
cylphosphonium tricyanomethanide, [P6,6,6,14][TCM] (designated
as IL2); and trihexyltetradecylphosphonium decanoate, [P6,6,6,14]
[DEC] (designated as IL3). A planetary centrifugal mixer (Kakuhun-
ter SK-300 SII) was used to prepare the grease and the ionic liquid
blends. The process included two mixing cycles of 5 min at
1600 rpm and a final degassing cycle of 2 min at 2200 rpm.
2.2. Thermal stability and thermal conductivity
The thermal stability of the blends and of the pure samples
(both greases and ionic liquids) was tested with a DSC/SDT Q600
instrument (TA Instruments). A dynamic exploration was per-
formed over a range from room temperature to 600 C at a heating
rate of 10 C/min under an inert atmosphere (nitrogen at a flow
rate of 100 mL/min).
The thermal conductivity was measured at room temperature
(25 ± 1 C), using the transient hot wire technique by means of a
TEMPOS thermal conductivity meter (METER Environment) with
the KS-3 sensor (accuracy of ± 10% in the range of 0.2–2.00Wm1-
K1). A total of five measurements were made at room temperature.
2.3. Tribological tests
Two different tribological tests were used in this study. Firstly,
four-ball tests according to the ASTM D2266 standard were per-
formed as screening tests in order to select the IL-containing mix-
tures with better antiwear behavior. Those mixtures which led to a
wear scar diameter reduction of at least 15% in the four-ball tests
were selected for testing under another test configuration (recipro-
cating). The steel balls (AISI 52100, 12.7 mm-diameter, hardness of
65 HRC and surface roughness lower than 0.020 lm Ra) used in the
four-ball tests were cleaned in heptane for 10 min in an ultrasonic
bath, rinsed in ethanol and dried in hot air before and after tests.
The tests were run for 60 min at 1200 rpm with a load of 392 N
(corresponding to a maximum contact pressure of 2.18 GPa). The
grease temperature during the experiment was 75 C (the pot tem-
perature selected was 78 C in order to reach the desired temper-
ature in the grease sample). The coefficient of friction (CoF) was
registered throughout the tests with a data acquisition frequency
of 10 Hz and the average value was calculated using the whole
extension of the obtained spectrum. The wear scar diameter
(WSD) and wear volume were measured on the bottom three balls
with a confocal microscope (Leica DCM 3D).
According to the results from the screening (four-ball) tests, the




Fig. 1. Thermogravimetric analysis (TGA) of each grease and its mixtures with each IL.
A. García Tuero, M. Bartolomé, D. Gonçalves et al. Journal of Molecular Liquids 338 (2021) 116697cating ball-on-disc configuration in the same tribometer (CETR
UMT-3) used in the four-ball tests. Both specimens (ball and disc)
were manufactured from AISI 52,100 steel. The disc (10 mm-
diameter) has a hardness of 190–210 HV30 and surface roughness
of 0.018 lm Ra, while the ball (6 mm-diameter) has a hardness
of 58–66 HRC and a surface roughness of 0.05 lm Ra. The cleaning
procedure of the specimens before and after the tests was the same
as that used for the screening (four-ball) tests. The experiments4
were run at a load of 60 N (corresponding to a maximum pressure
of 2.59 GPa), a frequency of 25 Hz for 30 min, with a 1 mm stroke
length and at 25 C. The CoF was also recorded during the tests at a
rate of 10 Hz and calculated using all the obtained data. The wear
volume of the lower specimen (disc) was measured with a confocal
microscope (Leica DCM 3D). Each reciprocating test was replicated
at least two times using a fresh lubricant sample in order to
achieve high repeatability.
Table 4




G1 + 0% IL 281 281 281
G1 + 2% IL 298 281 280
G1 + 5% IL 303 312 279
G2 + 0% IL 291 291 291
G2 + 2% IL 287 306 290
G2 + 5% IL 291 315 291
100% IL 326 412 312
Table 5




G1 + 0% IL 0.153 0.153 0.153
G1 + 2% IL 0.162 0.144 0.132
G1 + 5% IL 0.183 0.145 0.158
G2 + 0% IL 0.142 0.142 0.142
G2 + 2% IL 0.154 0.148 0.126
G2 + 5% IL 0.149 0.164 0.130
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The morphology and chemical composition of the worn surface
was analyzed by scanning electron microscopy with energy disper-
sive spectroscopy (SEM/EDX) after all tribological tests. A JEOLFig. 2. Average friction coeffic
Fig. 3. Wear scar diameter and wear vo
5
JSM-5600 instrument operated at 20 kV using secondary electrons
was used for this purpose.
X-ray photospectroscopy (XPS) was also used to explore the
chemical elements formed on the worn surface after reciprocating
tests. XPS analysis were carried out using a PHI VersaProbe II spec-
trometer with a monochromatic Al X-Ray source (1486.6 eV) atient of the four-ball tests.
lume measured after 4-balls tests.
Fig. 4. SEM images and EDX of the worn surface after the four-ball tests conducted with G1 and G1 + ILs.
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Fig. 5. SEM images and EDX of the worn surface after the four-ball tests conducted with G2 and G2 + ILs.
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Fig. 6. Average friction coefficient and wear volume from the reciprocating tests.
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Peak fit of high resolution spectra is performed using a Gaussian-
Lorentzian (70:30) curve for FeO and FeOOH, the same curve with
an exponential tail (k = 0.65) for Fe(0) and with an exponential tail
(k = 1.5) for Fe2O3.
3. Results and discussion
3.1. Thermal stability and thermal conductivity
The two greases, with and without ionic liquids, showed similar
thermal stability (differences in mass loss below 5%) until the tem-
perature reached around 300 C, Fig. 1. The higher degradation
onset temperatures (Tonset), determined as the point of intersection
of the starting-mass baseline and the tangent to the TGA curve at
the point of maximum slope (C), were obtained with the use of
IL2 as additive (Table 4). Both, the ionic liquids IL1 and IL2
improved the thermal stability of the lithium-based grease (G1),
while this property for the calcium-based grease (G2) was only
improved by the IL2. The improvement of the thermal stability
with the addition of the ILs agrees with the comparatively higher
thermal stability of the ILs (given by its decomposition onset tem-
perature) with respect to that of the neat greases.
Table 5 shows the thermal conductivity of the base greases and
their blends with the ILs. Taking into account the accuracy of the
testing device, the two base greases have similar thermal conduc-
tivity and in general the addition of the ionic liquids barely chan-
ged the thermal conductivity of the greases. A slight increase in
the thermal conductivity of the mixtures with respect to the base
grease was found for the mixtures G1 + 5 %IL1 and G2 + 5 %IL2.
These results indicated that the increase in thermal conductivity
with the addition of an ionic liquid depends on both the ionic liq-
uid and its concentration and the type of thickener used. Thermal
conductivity influences the heat dissipation of the lubricant sam-
ple; however, no correlation of this property was found with the
tribological behavior of the lubricant samples tested in this study.
3.2. Tribological tests and surface characterization
3.2.1. Four-ball tests and surface characterization
Fig. 2 shows the friction results from the four-ball tests. The
addition of the ILs to the lithium-based grease (G1) increased the
CoF. The lowest increase of CoF was obtained with the ionic liquid
IL1 and the highest one with the IL3. On the other hand, the addi-
tion of the ILs to the calcium-based grease (G2) barely changed the
CoF when the mixtures containing 5% of IL2 and 2 and 5% of IL3
were used. Meanwhile, the mixtures with 2% of IL2 and 2 and 5%8
of IL1 showed lower CoF than the grease G2. In general, the friction
values recorded for all tests correspond to a mixed lubrication
regime, where friction is conditioned by both the lubricant viscos-
ity and the asperities contact.
Fig. 3 shows the wear measurements from the four-ball tests.
According to the ASTM D2266 standard, the wear scar diameter
(WSD) should be reported, although it could also be useful to
report the wear volume from the four-ball tests [35]. The WSD
reported for the mixtures with the lithium-based grease (G1)
decreased considerably in the case of those containing ionic liquids
IL1 and IL2, with the reductions ranging from 36.4% (2 wt% of IL1)
to 16.6% (5 wt% of IL2). On the other hand, the presence of IL3 in
the mixture barely had any effect on the WSD. Regarding the wear
volume, a reduction ranging from 88.8% (2 wt% of IL1) to 23.3%
(2 wt% of IL3) is observed for lithium complex-based blends. As
an exception, the wear volume measured for the mixture contain-
ing 5 wt% of IL3 was 10.5% higher than that of the neat grease. On
the other hand, the use of the ILs as additives in the calcium-based
grease (G2) increased both the wear scar diameter and wear vol-
ume. The changes in the WSD with the addition of the ILs were
lower than those in wear volume, corresponding with the differ-
ence between a length- and a volume-based approach and demon-
strating that wear volume is a better comparative parameter in
four-ball tests, as reported in [35]. The rising wear found at higher
concentration of IL was also reported by Zhou et al. [18]. They sta-
ted that improving tribological performance depends not only on
the IL concentration but also on the IL chemistry and the
tribosystem.
Figs. 4-5 show the SEM images of the worn surface from the
four-ball tests. Typical plastic deformation zones with cavities
were found on the worn surface, which suggest adhesive wear.
The EDX analysis was performed to detect whether any chemical
element from the greases was present on the surface. The chemical
composition on these surfaces is mainly composed by the elements
present in the steel. Lithium from the thickener in grease G1 is not
detectable because SEM/EDX systems can only detect elements
with atomic number Z  4. On the contrary, calcium from the
thickener was found on the worn surface, mainly when grease
G2 was used in combination with IL1. Phosphorous from the IL1
was found when used in combination with grease G1, which can
explain the higher wear reduction with this mixture. In addition,
phosphorous was detected when IL1 was used as additive in grease
G2, which could be caused by the presence of phosphorous in both
the cation and the anion of the IL1, although wear reduction was
not achieved in this case. The worse antiwear behavior of the mix-
tures with grease G2 could be due to competing formation and
decomposition of the protective tribofilm resulting from the inter-
Fig. 7. SEM images and EDX analysis on the wear scar obtained after reciprocating tests with grease G1.
A. García Tuero, M. Bartolomé, D. Gonçalves et al. Journal of Molecular Liquids 338 (2021) 116697action between the ionic liquid or the thickener with the surface. In
this case, the calcium thickener of grease G2 was much more heav-
ily involved in the tribochemistry processes than was the lithiumTable 6
Surface composition (atomic %) on the wear scar.
Sample C O P Fe N Li
G1 + 2% IL1 48.7% 38.4% 1.0% 11.9% — —
G1 + 2% IL2 89.4% 8.4% 0.1% 1.3% 0.5% —
G1 + 5% IL1 81.0% 16.0% 0.3% 2.7% — —
G1 + 5% IL2 95.8% 3.0% 0.1% 1.2% 0.0% —
9
thickener of grease G1, as could be proved by the XPS analysis after
the reciprocating tests (see section 3.2.2). The presence of the cal-
cium from the thickener on the wear surface could interfere with
the phosphorous reaction with the surface and impair the antiwear
behavior. In addition, the low presence of phosphorous at the
detection depth of the EDX technique (microns range) can be
indicative of less phosphorous on the surface and a lower possibil-
ity of forming FePO4, a well-known friction and wear reducing
compound [30–32]. Phosphorous was not detected by EDX on
the worn surface after tests with IL2- and IL3-containing mixtures,
revealing that the phosphorous mainly comes from the anion.
Fig. 8. P2p spectra for samples tested with the mixtures of G1 + IL1 and G1 + IL2.
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Taking into account the screening criteria used in the four ball
tests, the mixtures of the grease G1 with IL1 and IL2 were selected
for testing under reciprocating motion and mixed lubrication
regime. The mixtures containing 2% of the ionic liquids showed
higher CoF than the grease G1, while those containing 5% of the
ionic liquids showed similar friction values to the grease G1,
Fig. 6. On the other hand, the antiwear behavior of these lubricant
samples showed that the addition of the IL1 resulted in a moderate
and consistent reduction in wear.
The SEM analysis (Fig. 7) found adhesive wear and plastic defor-
mation at the edge of the wear scar, and the EDX analysis only
detected the elements from the steel. No elements from the ionic
liquids were identified by EDX, including phosphorous. However,
these elements might be adsorbed on the surface forming tri-
bofilms, which can be detected by other detection techniques reli-
able in the nanometer scale (e.g. XPS).
Table 6 shows the surface composition on the wear scar after
reciprocating tests as obtained in XPS analysis. Fig. 8 shows that
the P2p signal is more evident in samples lubricated with the G1
+ IL1 blends, the P2p being at a maximum at around 132.2 –
132.4 eV, which agrees with the position reported for phosphate
by Wang and Wu [31]. This phosphate is likely to come from iron
phosphate, which is responsible for the improved antiwear behav-
ior of the mixtures. P2p fitting was performed, taking into account
the 2p1/2:2p3/2 doublet for every expected P peak. Fitting was car-
ried out taking into account the 1:2 area ratio as well as a constant
value of FWHM (Full Width at Half Maximum).
4. Conclusions
This study investigates the thermal stability, thermal conduc-
tivity and tribological behavior of two greases (a lithium-based
grease or G1, and a calcium-based grease or G2) additised sepa-10rately with 3 ionic liquids: [P6,6,6,14][BEHP] (IL1), [P6,6,6,14][TCM]
(IL2) and [P6,6,6,14][DEC] (IL3). The main conclusions extracted from
the experiments are:
 The [P6,6,6,14][TCM] improved the thermal stability of both
greases because of its higher thermal stability, while the
[P6,6,6,14][DEC] did not promote any change due to its lower
thermal stability.
 Only the mixtures G1 + 5%[P6,6,6,14][BEHP] and G2 + 5%[P6,6,6,14]
[TCM] showed a slight increase in thermal conductivity, indicat-
ing that the improvement in this property in these mixtures
depends on both the ionic liquid and its concentration and also
the thickener used in the grease formulation.
 In general, the addition of the ILs to the lithium-based grease
increased the friction coefficient in both the four-ball tests
and the reciprocating tests, while the friction coefficient
decreased with the addition of the ILs to the calcium-based
grease in the four-ball tests.
 The addition of the [P6,6,6,14][BEHP] and [P6,6,6,14][TCM]
improved the antiwear behavior of the lithium-based grease
under both tribological tests tests, whereas all the ionic liquids
worsened the antiwear behavior of the calcium-based grease in
the four-ball tests.
 The stronger antiwear performance of [P6,6,6,14][BEHP] as addi-
tive to the lithium-based grease is closely related to the iron
phosphate found on the worn surface, mainly derived from
the P-containing anion.
 Lower phosphorous interaction with the surface was found with
the [P6,6,6,14][TCM]- and [P6,6,6,14][DEC]-containing blends at low
temperature (reciprocating tests). Possible interference of the
calcium thickener with phosphorous adsorption on, or the
phosphorous reaction with, the surface was found for the
calcium-based mixtures.
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